The laser mechanism in a p-type GaAs slab with no junction and a hole concentration higher than 7 x 1018 cm-3 is investigated theoretically for the case that the excited electrons are injected from a gas discharge outside the slab. With such an excitation by slow electrons a lower bound of the current density is calculated from the S c h a w l o w -T o w n e s condition. The losses of diffraction and absorption mechanisms are taken into account. Since the slab can be very thin, minimum current densities with laser action of 10 amp./cm2 are possible. Several absorption and excitation mechanisms are discussed. Their relative importance may be found from the spectrum of the laser light and the depth of the activation zone of the slab.
The mechanism of most semiconductor lasers is based on the electron transitions between the con duction and valence band. The lower laser level in p-type s.c. is depopulated by filling the acceptors. In this way the advantages of a 4 level laser are realized. The upper laser level is populated in a p-n laser diode by the electrons from the n-region which are excited when they are pushed through the ju n c tio n 1. Theoretical and experimental work has shown that it is possible to excite a semiconduc tor without a junction by absorption of lig h t2, or by fast electrons3, each of which will produce a large number of electron-hole pairs distributed in a relatively deep zone of the semiconductor.
A further method of excitation of the semiconduc tor using slow electron bombardment to populate the conduction band in a junction-free heavily dop ed p-type s.c. has been proposed by the a uth or4. In the case treated, the semiconductor is a slab with the specifications of a laser cavity situated at the anode of a gas diode. The electrons have primary energies between 0 and 10 eV above the vacuum energy level. W ithin the semiconductor they loose this energy by radiationless transitions until they reach states in the conduction band. From these states a direct recombination with a hole in the valence band is possible. It is the most interesting point of this paper that the m inim um current den 1 R. N . H a l l , G. E. F e n n e r , J. D . K i n g s l e y , T. J. S o l t y s , and R. O. C a r l s o n , Phys. Rev. Letters 9, 366. [1962] . -M. I. N a t h a n , W. P. D u m k e , G. B u r n s , F . H . D i l l , and G. L a s h e r . Appl. Phys. Letters 1, 62 [1962] . 2 N . G. B a s o v and O. N . K r o k h i n , Soviet Phys. -JETP 19, 1508 -JETP 19, [1964 . 3 N . G. B a s o v , B o g d a n k e v i c h , D e v y a t k o v , Soviet Phys.-JETP (to be published).
sity necessary for a laser process is very low when the thickness of the slab is small enough. In the following, the theoretical discussion is ex tended to GaAs to study the possibilities of slow electron excitation. GaAs was chosen since experi ments on fast electron excitation seemed to give successful laser action0. Fortunately, the interesting constants for GaAs are better known than those of the I -V semiconductors.
Possible Mechanisms
Before calculating the current density of the bom barding electron discharge necessary to establish a conduction band population suitable for a laser pro cess, it is advisable to discuss the kind of electron transitions taking place. The transitions are given If the material is degenerate GaAs of p-type the energy states in the valence band are, (at not too low temperatures T) depopulated down to a certain point A. The energy differences £v between A and the top of the valence band is the quasi F e r m i level.
The energy of A is in all further cases practically identical with the F e r m i level of the whole material.
In the conduction band a point B is defined with the same A>value as A. Accordingly to Fig. 1 ev is then the value of a quasi F e r m i level in the con duction band when the same number of states are empty as in the valence band. The electrons injected from the discharge have primary states in the conduction band with an energy higher than the energy at B in the case of GaAs. From the primary states the electrons may reach a state in the valence band by an indirect transition (arrow 2) or by one or more radiationless transitions within the conduction band to a state below B, (arrow 3), and a direct transition (arrow 1) to the valence band. The indirect tran sitions have in all normal cases a very small prob ability in comparison to the direct transition, so that for the photon emission process the indirect transitions may be completely neglected.
The emitted photon has the following possibili ties:
a) It can be absorbed by the inverse process to 1. One can say that the former position is reproduced giving for the calculation of laser mechanism a longer effective spontaneous lifetime r.
ß ) It can induce stimulated emission of another process like that described by arrow 1.
y) It can be absorbed by an indirect transition corresponding to arrow 4, after which the direct transition (arrow 5) with a smaller photon energy will follow.
d) It will be absorbed by a process which does not excite an electron across the forbidden band, e. g. by free carrier absorption or intraband ab sorption.
e) It will leave the slab. The processes <5) and e) give losses in the laser mechanism and are taken especially into account in determining the laser condition. The others a ) , ß) and y) are favourable to lasing.
The process y) produces a disadvantageous shift in the photon energy but it is essential for the dis cussion of the local distribution of excitation. For a thick slab (i. e. 0.1 m m ), the im pinging electrons may not penetrate very deeply since the radiationless transitions may be very fast and the driving electric field within the slab is usually small. What, then, would the depth of the lasing action zone be? We might expect this case to be similar to the case of p-n junctions where a thin region of stimulated direct band transitions of conductive excited elec trons is expected. A broader active zone is actually observed since the y) -processes excite neighbouring regions.
The question, "to what a depth will the primary active zone be amplified in the laser?" cannot be answered here. In the following we shall assume that the depth d of the slab is such that the whole material will be activated.
When the question of the depth and the emitted spectrum is studied experimentally one should be able to clear the processes described by y) implicitely. A thick active zone indicates that the radiationless transition (arrow 3) take place in small steps. If an energy very little below B is reached a fast direct transition (arrow 1) will follow. If the emitted photon excites the neighbouring region by a process y) , this would indicate that the absorption (arrow 4) will start from a state very little below A, so that the resulting direct transition (arrow 5) photon energy is only a little different to that of the first transition (arrow 1).
The detailed analysis will also show that the probability of an indirect absorption process is much higher than a direct absorption in contrast to the emission process. A proof of this fact was given0 in the case of such an absorption that the excited electron can leave the solid (photoemission).
It was observed that the excited electrons have a preferential direction perpendicular to the ^-vector of the light. This shows in analogy to the C o m p t o n effect the participation of the phonons in the in direct absorption process. A direct absorption with a preferential direction parallel to E is much too small to be observed compared with the indirect process. (Columbia Techn. Transl.) 24, 705 [1961] ). -B. P e t z e l , phys. stat. solidi 3, K 223 [1963] .
Following the given discussion we shall calculate the m inim um discharge current density j at the sur face of the GaAs slab at the anode.
We assume a slab thickness d so that it is com pletely excitated. The S c h a w l o w -T o w n e s condition requires that the number N 2 of the occupated states in the conduction band below B must be 2. The Laser Condition The dimensionless factor La takes into account the absorption losses according to process (3) and the dimensionless L (i is related to diffraction losses. N 2 is the overpopulation and is given by the current J of the discharge, so that with the electron charge e
where the current density is j = J / 0 (0 = Surface area of the slab upon which the electrons impinge) and the slab thickness is d.
It is very remarkable that through this procedure the life time r cancels out. If the wave length X has the value of the GaAs emission (2 = 8400 Ä)
C j = 1.739 X 10 9 amp./cm2.
The use of X = 8400 Ä is only a rough assumption. It is, however, sufficient for the following estima tions. It is clear that the laser wave length is a little shorter than that determined by the points A and B in Fig. 1 . These points are themselves de pendant upon the degree of doping.
This blue shift of the emission maximum com pared with the spontaneous emission may be an essential difference from the p-n laser diode, where the laser light has a red shift 7.
The H alf W id th of Spontaneous Emission
First of all the fundamental condition that at least one of the two bands is degenerated must be proved 8.
The density n e of electrons in the conduction band will be given bv
If we assume a relative long life time r = 10~9 sec 9, a small slab thickness d = 2 f.i and a high current density j = 2 x 103 amp/cm2 we expect a maximum electron density n e(max) = 6 .2 4 X 1016 cm 3. If the kinetic temperature 7 \ in [eV] of the electrons is smaller than the F e r m i energy iT = 0) then a cer tain degree of degeneration is given. W ith 
using an effective electron mass 10 m e e ff -0.072 for the electron densities n e up to 1017 cm-3. W ith ne (max) one finds T < 9 2 .7 °K . Since it is interesting to get a laser working at 300 °K it is necessary to use a GaAs slab with a degenerate valence band. In analogy to (6) one finds for the case of holes instead of electronŝ
and in the same way as (7) with the effective hole t p o ff = 0.5 T < 8.48 x 10-11 np2/s.
To obtain a temperature of 300 CK it is necessary to use a material with a hole density of n v > 6.6 x 1018 cm " 3.
If condition (10) of F e r m i statistics is fulfilled the value of the energy level f v according to Fig. 1 
The D iffraction Losses
If a very thin slab is used it seems at first to be necessary to take into account a large loss by dif fraction similar to the case of the thin lasing junc tion zone of a p-n-diode. W ithin the diode the re fractive index does not change very much so that a light beam which is incident perpendicular to one end will be diffracted partly into the non-lasing regions of the crystal. This may be the reason why with the best pum ping conditions efficiencies of only 2% are reached ". In opposition to this case of the diode the whole lasing slab is limited by the strong ly refracting surface. According to Fig. 2 , where the slab is drawn as a rectangle, a radiation bundle incident normally to the left end will be diffracted after reflection so that the first m inim um lies in a direction given by the complement of the angle a. It is usual in similar cases to treat the questions of diffraction only with respect to the intensities within the first minima. A wave front in the direction of the first m inim um has an angle a of incidence with respect to the upper or lower surface of the slab. Total reflection with a refraction index n will take place when sin a > 1 /n .
Since a is given by
no diffraction losses will rise if
In the case of GaAs with X -8400 Ä and n -3.3 (1. c. 13) d0 = 0.267 .
This result shows that the diffraction losses are negligible even for very thin slabs.
The whole slab acts like a wave guide with total reflecting walls to the radiation. It is important that the conduction material below the semiconduc tor has an index of refraction n\ t sufficiently smaller than that of GaAs at 8400 Ä. For example, proper ties of a wave guide are fulfilled with «b = 3 if the thickness d is greater than 1.795 ju.
The Absorption Losses
The factor L a in equations (1) to (3) incorpo rates the effect of the processes <5). La is the inten sity of a wave when it is starting at one end of the slab to that after one passage along the length /. W ith an absorption coefficient k* due to these losses one finds L.a = exp {k* 1} .
The detailed description of the processes $) may be treated for the free-carrier absorption in the same way 4 as for the case of Cs3Sb. In GaAs, the intra band absorption is comparatively high, analogous to Germanium 14. A further absorption mechanism of the type (3) may be possible, we shall use for GaAs an empirical value of k instead of a theoretical value. The total absorption coefficients of p-GaAs with 1019 to 1020 holes/cm3 were measured by K u d m a n and S e i d e l 1 5 . The special absorption coefficients k* at 1.47 eV 13 H. R. P h i l l i p p and H. E h r e n r e i c h , Phys. Rev. 129, 1550 14 R. K e s s l e r , phys. stat. solidi 5, 3 [1964] , [1963] .
,5 I. K u d m a n and T. S e i d e l , J. Appl. Phys. 3 3 , 771 [1962] .
can be eliminated by the prolongation of the linear parts in the logarithmic absorption spectrum to 1.47 eV, at which the difference from the much higher coefficients measured are due to processes y ). These must be subtracted to get the absorption coefficient due only to processes $ ). The empirical values for k can be approximated by k* = 3.87 x 10-21 rip1-16 (5 x 1018cm~3< n p < 1020 cm ' 3).
(21)
Results
Summarizing the results of (4 ), (1 4), (1 9), (20) and (21) we get a condition for the current discharge density j which should give a laser process in the GaAs anode. W ith lengths in cm, masses in g and e in Asec
/ me eff mp eft
•exp{3.87 x 10~21 np116/ } ,
Notice that j is not the smallest value for which a laser process may arise but only a lower bound. The smallest current density j with resulting laser process can only be given if the precise value of Av is known. Here, only a higher bound was used. In Fig. 3 the dependence of j on / with np as parameter is given for the case of a reflectivity R = 99.5%. It may be seen that as in the case of Cs3Sb (1. c. 4) a surprisingly small current density of 10 amp./cm2 is possible, if a hole concentration of ~ 1019 cm-3 is used. This is the smallest cur rent density with which it is possible to obtain a de generate conduction band at 300 °K and higher [equ. (1 0)]. Further the smallest thickness d [from the diffraction condition (19)] and an optimal length of about 0.5 mm are necessary. A higher length than 5 mm is of no interest because of (10) (the condition that the hole density np > 6 x l 018 cm -3) if current densities smaller than 104 amp.
per cm2 are to be reached.
The m inim um of current density as a function of the length I [cm] is given by (3//3Z) = 0 and leads to an optimal length /opt given by /opt = 2.585 x 1020 /ip "1-16. In Fig. 4 /opt is plotted as a function of np . The current density is limited by the thickness d. d has to be greater than the drift length of the electrons in an electric field E with a spontaneous recombina tion life-time r. The electron drift is determined by the electron mobility jue and the current conduction by the hole mobility //p . W ith the hole density n v and the electron charge e one finds j <j\ = d np ftp e/ {fj.n r ) . This limitation is high enough for the interesting cases. In special cases of lower hole density it is still higher. It is a further necessary condition for equ. (22) that the thickness d be greater than the free path of the electrons in the conduction band. The difficulties in analyzing the interaction of electrons with an energy from 0.001 to 5 eV are well known (e. g. from the secondary electron emission17) . Prelim i nary information about the mean free path is given by measurements of the depth from which electrons can be emitted by photoemission. These depths are less than 0.2 ju for potassium for electrons of energy between 0.005 and 5 eV after their excitation in side the m e ta l18. The depth was largest for lowest electron energies. The lowest energies of conduction electrons are here of less interest because of the ne cessary relatively large magnitude of the energy £v . Starting from these results the assumption of a smal ler mean free path of conduction electrons 2 /< holds true.
Questions of cooling the material do not arise when such low current densities as calculated here are applied.
